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Abstract

In order to minimize unintentional detonation munitions researchers have focused on the
development of chemical compounds that are insensitive to external stimuli while maintaining
their effectiveness. While these compounds, known as high performance insensitive munitions
compounds, are promising in terms of potency and stability, their environmental impacts have
either not been fully understood or are yet to be investigated. In the present research, we have
performed a quantum chemical investigation on electronic structures and properties of an in-
sensitive munition compound 4,6-bis(nitroimino)-1,3,5-triazinan-2-one (DNAM). The density
functional theory using the B3LYP and M06-2X functionals and MP2 methodology were used
for geometry optimization of various tautomeric forms of DNAM. The effect of bulk water
solution was evaluated using the conductor-like polarizable continuum model (CPCM) and the
density-based solvation model (SMD). Ionization potential, electron affinity, redox properties,
and pK, values were also computed and were compared with the available experimental data.
These physical and chemical properties of DNAM ahve been discussed in regard to the varying
tautomeric forms in which DNAN can exist.
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Introduction

While legacy high energy density materials such as 2,4,6-trinitrotoluene (TNT), 1,3,5-trinitro-
1,3,5-triazinane (RDX), and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX) serve as effective mu-
nitions compounds, they can have a relatively high risk of unintentional detonation during manu-
facturing, handling, transportation, and storage due to their sensitivity to external stimuli.! Conse-
quently, there is an increased interest in the development of high energy density materials that are
not only insensitive to external stimuli, but also maintain effectiveness while minimizing their en-
vironmental impact. 1-5 These materials, dubbed insensitive munitions, demonstrate high thermal
stability and low impact sensitivity to friction and electrostatic discharge.®’

Certain heterocyclic nitrogen-containing compounds form highly energetic salts that are both
effective munitions candidates yet environmentally safe due to the high percentage of dinitrogen in
their decomposition products.® Furthermore, they have the advantage of high positive heats of for-
mation rather than heats of combustion as in the case of traditional munitions.® One promising ma-
terial is 4,6-bis(nitroimino)-1,3,5-triazinan-2-one (also known as 4,6-dinitramino-1,3,5-triazine-
2(1H)-one, dinitroammeline, or simply DNAM). First synthesized in 1951, this compound has
been shown to exhibit the aforementioned characteristics desired in insensitive munitions. %16
Although DNAM has been the subject of several theoretical studies, only a limited number of

efforts have focused specifically on the most stable conformers. Simdes et al.!”

conducted a joint
experimental and theoretical investigation on DNAM using MP2 and density functional theory
(DFT) methods and showed the presence of different tautomers. They found that, in the gas phase,
tautomers possessing nitroimine groups are more stable than those with nitramine groups. Of these
tautomers, the so-called NIC (nitro, imine, keto) series was identified as the most probable of the
nitroimine forms, with its third conformer found to exist in the crystalline structure of DNAM. !’
Gao et al.” examined the thermal stabilities of several energetic salts using the Born-Haber energy
cycle to determine heats of formation. In addition to the triazole salts being thermally stable,

the detonation velocities and pressures were comparable to those of common explosives and even

exceeded those of TNT. DNAM salts also exhibited large positive heats of formation.” Limited



investigation has been conducted regarding the acidity of DNAM; in 2001, Simées et al. (2001),'

using potentiometric titration and the Henderson-Hasselbalch equation, has measured the pK, of
DNAM to be 3.2, showing the acidic nature of this compound.

Through advanced quantum chemical calculation and using relative energies, adiabatic elec-
tron affinities and ionization potentials, and reduction/oxidation (redox) potentials, this manuscript
highlights the differences between the three conformers of the most stable tautomer and examines
the manner in which DNAM responds to an aqueous environment by exploring potential reactivity.
The pK,’s are also computed for further determination of the degree of ionization and propensity
for sorption to soil and sediment, which is highly significant in determining environmental fate of

munitions compounds. '8

Computational Details

In this study, we optimized geometries using two quantum chemical methods based on density
functional theory (DFT) as well as second-order Mgller-Plesset perturbation theory (MP2). 19-22
All calculations were performed with the Pople-style split valence 6-311++G(d,p) basis set. The
DFT calculations utilized both the Becke-style 3-parameter exchange functional combined with
the Lee-Yang-Parr correlation functional (B3LYP) and the Minnesota 06 hybrid functional (M06-
2X) as implemented in Gaussianl6 for comparison.?> B3LYP is one of the most widely used
functionals, and M06-2X has shown good accuracy for thermodynamic property calculations in
solution.?*~2% Harmonic vibrational frequencies were calculated using the same methods and ba-
sis set to ascertain the nature of potential energy surfaces. The absence of imaginary frequencies
confirms that the computed conformers are at a minimum on their respective potential energy
surfaces. In order to consider structural changes in solution, geometry optimizations and cor-
responding harmonic vibrational frequency calculations were additionally performed using two
implicit solvent approaches — the conductor-like polarizable continuum model (CPCM)?7 and the

density-based solvent model (SMD)?® — with the default solvent parameters for water available



in Gaussianl6. For the computation of environmentally relevant physical properties of DNAM
(Table 5), we employed TURBOMOLE? to generate COSMO files that were in turn used in the
COSMOthermX 3933 program.

In previous studies concerning DNAM, four tautomeric forms have been identified — NAC,
NAE, NIC, and NIE (with the NIC series identified as the most stable tautomer by ~30 kcal
mol~1).!7 These tautomers are distinguished by the presence of keto versus enol (“C” vs “E”) and
nitroimine versus nitramine (“NI”” vs “NA”) moieties, as can be seen in Figure 1 where examples

of each tautomer are depicted. In this study, we focused on the NIC series, which possesses the
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Figure 1: One conformer from each of the tautomer groups (NIC, NAC, NIE, and NAE).

keto and nitroimine moieties and has three conformers depending upon the orientation of the nitro
groups (i.e., NIC1, NIC2, and NIC3), which are displayed in Figure 2. The MP2 geometries
exhibit very slight non-planarity at the nitro groups, which may rotate in a parallel or anti-parallel
fashion relative to one another depending on the starting structure. The energy difference between
the two was well within thermal fluctuations (0.529 kcal/mol), and we selected the lowest energy
conformer in each case.

Vertical electron affinities (VEA) and ionization potentials (VIP) were calculated by taking the
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Figure 2: The three conformers in the NIC series of DNAM.

difference between the total energy of the fully optimized ground state of DNAM and the one-
electron reduced or oxidized forms at the optimized ground state reference geometry as shown in

Equations 1 and 2,

VEA = —(E*” —E) (1)

VIP= E*"—E (2)

where E represents the total energy of DNAM, and E*" and E®~ represent the total energy of
the radical cation and radical anion forms, respectively, of DNAM at the ground state reference
geometry.

For the adiabatic EA and IP values, the corresponding radical anionic and cationic species are



also fully optimized:3*

AEA = —(Eg —E) 3)
AIP= Egi—E 4)

where E(;;t and E;p} represent the energies of the separately optimized radical cation and anion
forms of DNAM, respectively.
For the reduction potentials in both the gas phase and in water solution, we employed the

Nernst equation,
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where E_ ; and Eg, are the reduction and oxidation potentials, respectively, in either the gas phase

I
or in water solution; n is the number of electrons (n=1); F' is the Faraday constant (96,485.3 C
mol~!); and Ey is the potential for the standard hydrogen electrode (—4.28 eV).3>3? AG.,, is the
Gibbs free energy required to attach adiabatically an electron to the DNAM conformer in either
the gas phase or in water solution, and likewise AGg, is the Gibbs free energy necessary to remove
an electron adiabatically in the gas phase or in water solution. These terms may be interpreted as

simple differences in Gibbs free energy between the radical and neutral species, as shown in Eqs

7-8,

AGy =Gy —G @)
AGo, =Goy —G )

where G is the Gibbs free energy of neutral DNAM, and G;;{t and G(');t are the Gibbs free energies

of the radical cation and anion forms of DNAM, respectively.

In calculating the pK,s, we considered the single deprotonation of DNAM. The resulting an-



ionic form of DNAM was accomplished by deprotonating one of the three nitrogens in the central
triazine ring. NIC1 and NIC3 were only deprotonated at two nitrogens (N1 and N5), due to the
symmetric nature of the nitro groups, while all three nitrogens in NIC2 were deprotonated (N1,
N3, and N5). The labeling of the ring nitrogens are shown in Figure 2. For the pKj, calculations,

we used the following equation,

AGsolv
K. —
PR = R TIn10

€))

where R is the gas constant in kcal mol~! K~!, T is the temperature of the system (298.15 K), and

AGyy 1s the deprotonation energy of DNAM in water. The AG,,y was computed by using Eq 10,

AGsolv - Gsolv (H+) + Gsolv (DNAM_) - Gsolv (DNAM) ) (10)

where Ggo1y(DNAM™) and G,y (DNAM) represent the Gibbs free energy of the deprotonated and
neutral forms of DNAM, respectively, in the bulk water solution. The G,y (H) was computed by

using Eq 11,

Gsolv (H+> = AGsolv <H+) + Ggas (H+) (1 1)

The term involving H* presents a challenge and can give rise to large errors in pK, calculations.
Thus, we have applied an experimental value of AG, (H), —265.9 kcal mol~! at 1 M concen-
tration as recommended by Alongi and Shields (which includes the correction of Ben-Naim and
Marcus*? for changes in standard state from 1 atm to 1 M), 18 while GgaS(H+) has been determined
experimentally and is widely accepted as —6.28 kcal mol~! at 1 atm.!'®41=% From these two val-
ues, we can calculate the free energy of the H* in solution using Eq 11, which amounts to 272.18

kcal mol~!. However, we need to adjust for the difference in standard states (1 atm vs 1 M) for the



two values via the correction factor below:

AG°™* = RT1In(24.4564) (12)

yielding 1.89 kcal mol~! at a temperature of 298.15 K. With this adjustment, we arrive at our final

value of -270.28 kcal mol~! at 1 atm for the free energy of H* in solution.

Results and Discussion

Table 1 collects the Boltzmann percentage distributions (p;) for each NIC conformer of DNAM,
while relative electronic and Gibbs free energies are shown in Table S1-S2 of the Supporting
Information. Each distribution was calculated using Eq 13, where AG; is the relative Gibbs free

energy of NIC conformer i, R is the gas constant, and 7 is temperature (298.15 K).

—AG;/RT
° (13)

Pi
¢—AG;/RT

1

™M=

J

In the gas phase, the DFT results agree that NIC3 will have a marginal contribution, while MP2, on
the other hand, predicts that NIC3 will contribute nearly as much as NIC1 at 298.15 K. Moreover,
MO06-2X and MP2 predict that the population of NIC2 will be more than NIC1 in the gas phase.
With the inclusion of bulk water effects, the NIC3 conformer population was found to increase as
predicted by all three methods. With the SMD model, B3LYP favors the NIC1 conformer, M06-
2X essentially equally weights all three, while MP2 has a major shift towards the NIC1 conformer
but shows even treatment between NIC1 and NIC3. It appears that all three conformers would be
present in the water solution.

Computed EA’s and IP’s, displayed in Table 2, reveal similar trends in the gas phase and bulk
water solution. MP2 tends to predict electron affinities less than the DFT methods by around 1 eV,

but the ionization potentials are generally in much better agreement, especially for the adiabatic



Table 1: Boltzmann distributions for the NIC conformers of DNAM using B3LYP, M06-2X,
and MP2 levels and the 6-311++G(d,p) basis set.

Solvation Model™ Conformer B3LYP MO06-2X MP2

NICI 0.58 0.39 0.18

None NIC2 0.40 0.57 0.66
NIC3 0.02 0.04 0.16

NIC1 0.35 0.24 0.27

CPCM NIC2 0.36 0.22 0.35

NIC3 0.29 0.54 0.37
NIC1 0.61 0.33 0.41
SMD NIC2 0.22 0.36 0.20
NIC3 0.17 0.31 0.39

TSolvation model ‘None’ represents gas phase results.

values. In a study by Cooper et al.,*®

a similar trend was reported for the difference in density
functional and MP2 ionization potentials and electron affinities, which is also reflected in the redox
properties. When the implicit solvent models are applied, the EA’s increase while the IP’s decrease.
This trend is evident for each method and should be attributed to the stabilization of ionic species

in the bulk water solution. The overall shifts with respect to phase suggest that when in water,

DNAM will exhibit higher reactivity.

10



I

Table 2: Vertical and adiabatic electron affinities (EA) and ionization potentials (IP) using B3LYP, M06-2X, and MP2 with the
6-311++G(d,p) basis set. All values are shown in eV.

Solvation Conformer B3LYP MO06-2X MP2
Model VEA AEA VIP AIP VEA AEA VIP AIP VEA AEA VIP AIP
NIC1 2.1 24 104 10.1 1.8 2.1 11.0 10.6 1.0 1.2 113 10.3
None NIC2 2.1 24 104 10.2 1.8 22 11.1 10.6 1.1 1.3 115 10.3

NIC3 2.0 23 103 10.1 1.7 21 114 106 0.8 1.2 141 103

NIC1 3.6 38 83 8.0 3.1 37 9.0 84 24 26 90 80
CPCM NIC2 3.7 39 83 8.0 3.1 37 9.0 84 2.5 28 9.0 8.0
NIC3 3.7 39 87 8.0 3.4 37 92 9.0 24 28 90 80

NIC1 3.7 39 81 7.7 3.2 3.8 87 8.1 2.2 26 87 176
SMD NIC2 3.7 39 81 7.8 3.3 39 88 8.1 2.3 27 88 1.7
NIC3 3.8 40 85 78 33 39 89 88 24 34 87 1.7




The oxidation and reduction potentials of all three conformers of DNAM in water solution
are shown in Table 3. For educational curiosity, the corresponding values in the gas phase are
shown in the SI. For the reduction potentials, more positive values indicate a higher likelihood of
reduction, while the reverse is true for oxidation potentials. It is clear from Table 3 that both DFT
functionals agree with respect to the prediction of redox potentials. The oxidation potentials at
the MP2 level are generally in good agreement with those predicted using the DFT functionals,
but MP2 predicted relatively lower reduction potentials. Moreover, both the CPCM and SMD

predictions are in excellent agreement and all three conformers have similar corresponding values.

Table 3: Reduction (E..,;) and oxidation (E,,) potentials using B3LYP and M06-2X with the

red

6-311++G(d,p) basis set. All values are shown in eV.

Solvation Model Conformer B3LYP M06-2X MP2

Eroed ng Er%d ng Eroed ng

NICI1 -0.5 3.7 —-0.6 4.1 —-1.7 3.6

CPCM NIC2 -04 3.7 —-0.5 4.0 —-1.4 3.7
NIC3 —-04 3.7 —-0.5 4.8 —-1.6 3.6

NIC1 —-04 3.5 -04 38 —-1.9 3.3

SMD NIC2 —-0.3 3.5 —-04 3.8 —-2.1 34
NIC3 —-0.4 3.5 —-04 44 —-09 34

The presence of the nitroimino groups on the NIC series (see Figure 2) likely causes a signifi-
cant electron-withdrawing effect on the ring structure, and this could promote acidic behavior for
DNAM. This is apparent in the pK, results shown in Table 4, where the majority of pK, values
range from around —3 to 1 (relatively strong acid to weak acid). MP2 often predicts pK, values
between B3LYP and M06-2X, while M06-2X tends to yield the most acidic pKj,s; for example, the
NS5 nitrogen of NIC1/M06-2X/SMD has a pK, of —4.5 compared to —1.8 for MP2/SMD. Nonethe-
less, the N5 nitrogen is generally the most acidic for all methods, with B3LYP/CPCM for NIC3
and B3LYP/SMD for NIC3 being the notable exceptions; and the N1 site is predicted to be the
least acidic (with few exceptions: B3LYP/SMD,CPCM for NIC3).

Moreover, several environmentally relevant parameters were computed using the COSMOth-
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Table 4: Predicted pK, values using B3LYP, M06-2X, and MP2 levels and the 6-311++G(d,p)
basis set.

Cont Nit CPCM SMD
ontormer - NITOEEN —p3TYP M06-2X MP2  B3LYP M06-2X MP2
N1 1.1 17 —06 0.6 ~09 05
NICI N5 33 46 —19 29 —45 —1.8
N1 1.0 ~14 —02 1.3 1.6 —0.1
NIC2 N3 —0.7 27 01 03 28 00
N5 ~15 ~39 -23 1.1 36 —1.8
N1 —0.4 21 04 ~16 26 0.1
NIC3 N5 —0.1 —32 -3.0 03 28 -26

ermX program.3%-33 This program uses screening densities (‘c-profile’) from quantum chemistry

calculations, and computed properties are shown in Table 5.
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Table 5: Physical properties computed using COSMOthermX at the BP86/TZVP level using the B3LYP, M06-2X, and MP2

geometries with the 6-311++G(d,p) basis set.

Method Conformer VapPress[Pa] Ky [Co/Chyl Worun [2/L] LogKow LogKpeprw L0gKoe Thoil [C]  Thasn[K]
NICI 1.02x10~%  8.24x10°10 10.9 0.34 -2.25 1.84 527 553
B3LYP NIC2 1.03x107*  8.58x10710 10.6 0.34 -2.23 1.82 528 554
NIC3 4.02x107° 9.77x10~ 1 35.5 0.09 -3.30 1.85 542 565
NIC1 1.30x107%  9.55x10°10 12.0 0.29 -2.28 1.80 520 550
M06-2X NIC2 1.20x107*  9.13x10710 11.6 0.30 -2.26 1.79 523 551
NIC3 6.26x107>  1.53x10710 35.2 0.11 -3.23 1.84 531 559
NIC1 2.67x107%  2.42x107° 9.7 0.62 -1.96 1.98 505 539
MP2 NIC2 2.56x107%  2.12x107° 10.6 0.54 -2.07 1.93 504 539
NIC3 2.23x107%  6.96x10710 27.8 0.52 2.5 2.08 504 540




The Henry’s law constants are all quite small (on the order of 10~°-10~19), which agrees with
the predicted low magnitude vapor pressures, suggesting that DNAM will not volatilize readily.
While the solid is stable, DNAM is predicted to be highly soluble in water with the NIC3 con-
former usually having a higher solubility. In fact, apart from the vapor pressure, Henry’s law
constant, and octanol-water partition coefficients, NIC3 typically has the largest magnitude values
for the predicted environmental properties followed by NIC1 and then NIC2 (with few exceptions).
Despite its high aqueous solubility, the positive K, values suggest that DNAM may adsorb rel-
atively strongly in soil. The Koy are close to zero while Kyep—yw is negative, which highlights
DNAM’s preferential solubility for water over nonpolar solvents or lipids. The predicted boiling

and flash temperatures (Tpoi and Tyagp) illustrate DNAM’s high thermal stability.

Conclusions

In this study, we investigated the effect of aqueous solvation on the nitroimine keto tautomers of
DNAM through analysis of relative energies, electron affinities, ionization potentials, redox poten-
tials, and pK,’s using DFT (B3LYP, M06-2X functionals) and MP2 quantum chemical methods.
The M06-2X results tend to fall between the B3ALYP and MP2 values, and the MP2 data typically
showed the least sensitivity to phase/solvation model. Our CPCM and SMD calculations predict
that the three NIC conformers of DNAM are essentially isoenergetic in solution. Furthermore, in
a bulk water environment DNAM’s electron affinities increase and ionization potentials decrease
for each NIC conformer. DNAM will be resistant to reduction. The pK, calculations may reflect
the electron-withdrawing nature of the nitroimine groups, which lends an acidic character to the
triazine ring. Overall, our results suggest no major changes in reactivity with only small, modest
shifts in electronic properties of DNAM in bulk water solution. Furthermore, DNAM is likely de-
protonated at the N5 position at all but the most acidic pH conditions (less than 2). Further studies
should include the effects of different species present in water that may influence the reactivity or

degradation of DNAM when interacting with water.
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